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SIGNIFICANCE STATEMENTPEG‐Ca^2+^‐mediated plasmid DNA transfection of isolated rice egg cells and maize zygotes resulted in transient expression of target genes, and PEG‐transfected zygotes developed normally into plantlets.

1. INTRODUCTION {#pld310-sec-0002}
===============

There are several ways to introduce macromolecules, such as DNA, RNA, and proteins, into plant cells (Davey, Rech, & Mulligan, [1989](#pld310-bib-0013){ref-type="ref"}). In many cases, protoplasts are used as the starting materials because cell walls block access of macromolecules to the plasma membrane, and the removal of cell walls from plant cells provides opportunity for the movement of the macromolecules across the plasma membrane (Antonelli & Stadler, [1989](#pld310-bib-0005){ref-type="ref"}; Armstrong, Petersen, Buchholz, Bowen, & Sulc, [1990](#pld310-bib-0006){ref-type="ref"}; Crossway et al., [1986](#pld310-bib-0010){ref-type="ref"}; Davey, Cocking, Freeman, Pearce, & Tudor, [1980](#pld310-bib-0012){ref-type="ref"}; Krens, Molendijk, Wullems, & Schilperoort, [1982](#pld310-bib-0028){ref-type="ref"}; Lurquin, [1979](#pld310-bib-0030){ref-type="ref"}; Shillito, Saul, Paszkowski, Muller, & Potrykus, [1985](#pld310-bib-0045){ref-type="ref"}). Delivery of DNA into protoplasts isolated from sterile tobacco shoots treated with polyethylene glycol (PEG) together with calcium was reported by Krens et al. ([1982](#pld310-bib-0028){ref-type="ref"}), and the PEG‐Ca^2+^ transfection of DNA to protoplasts has been used to study diverse cellular functions of genes of interest (Zhang, McElroy, & Wu, [1991](#pld310-bib-0058){ref-type="ref"}; Sheen, [2001](#pld310-bib-0044){ref-type="ref"}; Yoo, Cho, & Sheen, [2007](#pld310-bib-0056){ref-type="ref"}). In addition to DNA, An, Sawada, Kawaguchi, Fukusaki, and Kobayashi ([2005](#pld310-bib-0003){ref-type="ref"}) and Zhai, Sooksa‐nguan, and Vatamaniuk ([2009](#pld310-bib-0057){ref-type="ref"}) reported that PEG‐Ca^2+^ delivery of double‐stranded RNA (dsRNA) into protoplasts from *Arabidopsis* seedlings reduced the expression level of the target genes and that the PEG‐Ca^2+^ transfection‐mediated RNA interference approach using protoplasts allows rapid and efficient analyses to investigate the functions of target genes.

Fertilization and subsequent events in angiosperms, such as embryogenesis and endosperm development, occur in the embryo sac deeply embedded in ovular tissue (Guignard, [1899](#pld310-bib-0015){ref-type="ref"}; Nawaschin, [1898](#pld310-bib-0034){ref-type="ref"}; Raghavan, [2003](#pld310-bib-0041){ref-type="ref"}; Russell, [1992](#pld310-bib-0043){ref-type="ref"}). Investigations into the molecular mechanisms of fertilization and early embryogenesis have been impeded by the difficulties in directly researching the biology of the embedded female gametophytes, zygotes, and early embryos (Kranz, [1999](#pld310-bib-0022){ref-type="ref"}; Okamoto, [2011](#pld310-bib-0038){ref-type="ref"}; Wang, Kuang, Russell, & Tian, [2006](#pld310-bib-0052){ref-type="ref"}). In the last decade, gametes, zygotes, and/or early embryos have been successfully used for the identification of genes that are specifically or preferentially expressed in female gametes, zygotes, or early embryos, as it has been hypothesized that these types of genes function in reproductive or developmental processes, such as gamete differentiation, gamete fusion, and early zygotic development (Abiko, Maeda, Tamura, Hara‐Nishimura, & Okamoto, [2013](#pld310-bib-0001){ref-type="ref"}; Anderson et al., [2013](#pld310-bib-0004){ref-type="ref"}; Ning et al., [2006](#pld310-bib-0035){ref-type="ref"}; Ohnishi et al., [2011](#pld310-bib-0037){ref-type="ref"}; Sprunck, Baumann, Edwards, Langridge, & Dresselhaus, [2005](#pld310-bib-0046){ref-type="ref"}; Steffen, Kang, Macfarlane, & Drews, [2007](#pld310-bib-0048){ref-type="ref"}; Wang et al., [2010](#pld310-bib-0053){ref-type="ref"}; Wuest et al., [2010](#pld310-bib-0054){ref-type="ref"}; Yang, Kaur, Kiriakopolos, & McCormick, [2006](#pld310-bib-0055){ref-type="ref"}).

Among the genes enriched in egg cells, *Egg Cell 1* (*EC1*) encoding small cysteine‐rich protein is likely to be involved in the attachment between male and female gametes in fertilized embryo sac (Sprunck et al., [2012](#pld310-bib-0047){ref-type="ref"}). However, the functions of most genes expressing in a gamete‐specific or fertilization‐induced/suppressed manner have not been analyzed. This is most likely because the experimental approach for addressing their molecular functions in gametes and zygotes usually consists of making several transgenic plants and subsequent observation of embryo sacs deeply embedded in ovaries. In the study, to establish an efficient experimental platform for investigating gene functions in gametes and zygotes, we combined the isolation procedures of female gametes and zygotes from rice and maize flowers (Kranz, Bautor, & Lörz, [1991](#pld310-bib-0023){ref-type="ref"}; Uchiumi, Komatsu, Koshiba, & Okamoto, [2006](#pld310-bib-0050){ref-type="ref"}) with the PEG‐Ca^2+^‐mediated DNA‐delivery approach (Yoo et al., [2007](#pld310-bib-0056){ref-type="ref"}; Zhai et al., [2009](#pld310-bib-0057){ref-type="ref"}), which resulted in the transient expression of introduced DNA in egg cells and zygotes. Moreover, zygotes showing transient expression developed into embryo‐like structures and cell masses, and the cell masses further regenerated into plantlets. The PEG‐Ca^2+^‐mediated transient expression system with egg cells/zygotes will provide efficient and effective opportunities for addressing a variety of gametic and zygotic events. In addition, this transient expression system in zygotes can be employed for gene editing procedures using the CRISPR/Cas9 system (Belhaj, Chaparro‐Garcia, Kamoun, & Nekrasov, [2013](#pld310-bib-0007){ref-type="ref"}; Jinek et al., [2012](#pld310-bib-0019){ref-type="ref"}; Mikami, Toki, & Endo, [2015](#pld310-bib-0031){ref-type="ref"}).

2. RESULTS AND DISCUSSION {#pld310-sec-0003}
=========================

2.1. Conditional optimization for PEG‐Ca^2+^ transfection of rice egg cells with plasmid DNA {#pld310-sec-0004}
--------------------------------------------------------------------------------------------

For monitoring expression derived from plasmid DNA which was delivered into rice egg cells by PEG‐Ca^2+^ transfection, we primarily used the pGFP‐ER, in which DNA sequence encoding GFP protein tagged with signal peptide (SP) and carboxy terminal His‐Asp‐Glu‐Leu (HDEL) sequence was located under the 35S promoter and HSP70 intron, as C‐terminal HDEL tetrapeptide sequence constitutes an endoplasmic reticulum (ER) retention signal (Munro & Pelham, [1987](#pld310-bib-0032){ref-type="ref"}; Pelham, [1989](#pld310-bib-0040){ref-type="ref"}) and the SP‐GFP‐HDEL proteins targeted to the ER are effectively detected in plant cells (Haseloff, Siemering, Prasher, & Hodge, [1997](#pld310-bib-0016){ref-type="ref"}; Hayashi et al., [2001](#pld310-bib-0017){ref-type="ref"}; Ridge, Uozumi, Plazinski, Hurley, & Williamson, [1999](#pld310-bib-0042){ref-type="ref"}). In addition, the 35S promoter with HSP70 intron is known to function as a constitutive and strong promoter in cells of monocot plants (Pang et al., [1996](#pld310-bib-0039){ref-type="ref"}).

For successful PEG‐Ca^2+^ transfection using rice egg cells, the concentration of PEG was first addressed. Four egg cells were placed in a droplet of MMG solution (4 mM MES‐KOH pH 5.7, 15 mM MgCl~2~ in mannitol solution of 450 mOsmol/kg H~2~O) containing pGFP‐ER at a concentration of 68 ng/μl, and then, the same volume of a droplet of PEG solution (20% PEG and 100 mM CaCl~2~ in mannitol solution of 450 mOsmol/kg H~2~O) was merged with the MMG droplet where egg cells were held. For other treatments, the same procedures were used except that the PEG solution droplet contained 30% or 40% PEG. After washing and a 19‐hr culture of the treated egg cells, fluorescent signals in egg cells were observed and compared between different PEG concentrations. When using droplets of 20% PEG, no fluorescent signal was detected in any of the four egg cells (Figure [1](#pld310-fig-0001){ref-type="fig"}a; Table [S1](#pld310-sup-0002){ref-type="supplementary-material"}). When a droplet of 30% PEG was employed, two of the four treated cells showed strong fluorescence derived from SP‐GFP‐HDEL proteins (Figure [1](#pld310-fig-0001){ref-type="fig"}b). Among the four egg cells transfected with a droplet of 40% PEG, only one cell showed a weak SP‐GFP‐HDEL‐derived signal (Figure [1](#pld310-fig-0001){ref-type="fig"}c). Therefore, 30% PEG solution (\~15% PEG after the merge of two droplets) was judged as suitable for transfection of egg cells with plasmid DNA. The successful expression in rice egg cells using PEG‐Ca^2+^ transfection is consistent with the report that egg cells isolated from rice flowers are mostly necked cells like protoplasts (Uchiumi et al., [2006](#pld310-bib-0050){ref-type="ref"}), and plasmid DNA appeared to pass through the plasma membrane of the egg cell via well‐conditioned PEG‐Ca^2+^ transfection.

![Effect of PEG concentration on expression level of SP‐GFP‐HDEL in rice egg cell (a--c) and maize egg cell (d). (a--c), Rice egg cells were placed in a droplet of MMG solution containing pGFP‐ER on a coverslip, and a droplet of the same volume of PEG solution containing 20% (a) 30% (b) or 40% (c) PEG and 100 mM CaCl~2~ was merged with the MMG droplet holding the egg cell. After washing and 19‐hr culture of the cells, fluorescent signals in egg cells were observed. After washing and 19‐hr culture of the cells, fluorescent signals in egg cells were observed. (d), Maize egg cells were placed in a droplet of MMG solution containing pGFP‐ER on a coverslip, and a droplet of the same volume of PEG solution containing 30% PEG and 100 mM CaCl~2~ was merged with the MMG droplet holding the egg cell. Left and right panels indicate fluorescence and bright‐field images, respectively. N in (b) and (c) indicates egg nucleus. Bars = 20 μm](PLD3-1-e00010-g001){#pld310-fig-0001}

Next, the effect of plasmid DNA concentration on the level of expression of SP‐GFP‐HDEL was examined. Egg cells were placed in MMG droplets containing plasmid DNA at the concentrations of 17, 68, or 272 ng/μl, and PEG‐Ca^2+^ transfection was conducted. For the egg cells located in the 272 ng/μl plasmid droplets, a strong GFP‐derived signal was detected in two of the five treated cells at 13 hr after PEG‐Ca^2+^ transfection, and the fluorescent profile in these five cells did not change at 19 hr after transfection (Table [S2](#pld310-sup-0002){ref-type="supplementary-material"}). When eight egg cells were PEG‐Ca^2+^‐transfected using an MMG droplet containing 68 ng/μl plasmid DNA, one and three egg cells showed strong and weak fluorescent signals, respectively, at 13 hr after PEG‐Ca^2+^ transfection. Interestingly, at 19 hr of PEG‐Ca^2+^ transfection, a strong GFP signal became detectable in three egg cells in which weak GFP signal was detected at 13 hr (Table [S2](#pld310-sup-0002){ref-type="supplementary-material"}). In the case of 17 ng/μl plasmid DNA, two of the five treated egg cells showed weak fluorescent signals at 13 hr after PEG‐Ca^2+^ transfection, and the signal in these cells become stronger at 19 hr after PEG‐Ca^2+^ transfection. These results suggest that transient expression of SP‐GFP‐HDEL by PEG‐Ca^2+^ transfection of egg cells with plasmids will occur in a plasmid DNA concentration‐dependent manner in the range of 17--272 ng/μl plasmid DNA. Therefore, we employed a plasmid concentration of 68 or 272 ng/μl in further analyses.

Using the above‐mentioned conditions, maize egg cells were also transfected. Of the nine transfected egg cells, two cells showed SP‐GFP‐HDEL‐derived signal (Fig. [1](#pld310-fig-0001){ref-type="fig"}d and Table [1](#pld310-tbl-0001){ref-type="table"}).

###### 

Efficiency of PEG‐Ca^2+^ transfection of egg cells and zygotes with plasmid DNAs

  Cell (plant)       Plasmid   No. of transfected cells   Fluorescent signal   Efficiency (%)   
  ------------------ --------- -------------------------- -------------------- ---------------- ------
  Egg cell (rice)    pGFP‐ER   17                         6                    11               35.3
  pDsRed             18        6                          12                   33.3             
  pH2B‐GFP           26        5                          21                   19.2             
  Egg cell (maize)   pGFP‐ER   9                          2                    7                22.2
  Zygote (rice)      pGFP‐ER   23                         0                    23               0
  Zygote (maize)     pGFP‐ER   19                         15                   4                78.9
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2.2. Intracellular localization of exogenously expressed proteins and expression of multiple plasmid DNAs in rice egg cells by PEG‐Ca^2+^ transfection {#pld310-sec-0005}
------------------------------------------------------------------------------------------------------------------------------------------------------

When rice egg cells transfected with pGFP‐ER were observed with a confocal laser scanning microscope, the endoplasmic reticulum around the nucleus and at the cytoplasm/cell cortex was visible (Figure [2](#pld310-fig-0002){ref-type="fig"}a). Next, pH2B‐GFP, into which DNA encoding histone H2B‐GFP fusion protein was placed under the 35S promoter‐HSP70 intron, was constructed and PEG‐transfected with rice egg cells. A fluorescent signal was detected in the nucleus and a bright fluorescent signal was observed in the nucleoli (Figure [2](#pld310-fig-0002){ref-type="fig"}b), and the intracellular localization pattern of H2B‐GFP in PEG‐Ca^2+^‐transfected egg cells was same as in egg cells isolated from transgenic rice plants expressing H2B‐GFP proteins under the control of ubiquitin promoter (Figure [2](#pld310-fig-0002){ref-type="fig"}c; Abiko et al., [2013](#pld310-bib-0001){ref-type="ref"}). These results indicated that transiently expressed proteins in egg cells through PEG‐Ca^2+^ transfection were correctly translated, folded, and targeted to their destination organelle. In addition, when egg cells were PEG‐Ca^2+^‐transfected with pDsRED, \~33% of transfected cells showed the RFP signal (Figure [2](#pld310-fig-0002){ref-type="fig"}d and Table [1](#pld310-tbl-0001){ref-type="table"}). The efficiency of PEG‐Ca^2+^ transfection of pGFP‐ER and pH2B‐GFP was \~35% and 20%, respectively (Table [1](#pld310-tbl-0001){ref-type="table"}).

![Transient expression of fluorescent proteins in rice egg cells by PEG‐Ca^2+^ transfection with plasmid DNAs. (a), Rice egg cell was PEG‐Ca^2+^‐transfected with pGFP‐ER and observed with a confocal laser scanning microscope. (b), Rice egg cell was PEG‐Ca^2+^‐transfected with pH2B‐GFP and observed with a fluorescent microscope. (c), Egg cell isolated from a flower of a transgenic rice plant expressing H2B‐GFP was observed with a fluorescent microscope. (d), Rice egg cell was PEG‐Ca^2+^‐transfected with pDsRed and observed with a fluorescent microscope. (e), Rice egg cell was cotransfected with pGFP‐ER and pDsRed and observed with a fluorescent microscope. Left and right panels in (b‐d) represent fluorescence and bright‐field images, respectively. Left, middle, and right panels in (e) represent images of a GFP‐derived signal, RFP‐derived signal, and bright‐field, respectively. N in (a) and (e) represents egg nucleus. Arrowheads in (b) and (c) indicate nucleoli in egg nucleus. Bars = 20 μm](PLD3-1-e00010-g002){#pld310-fig-0002}

We next tested the dual expression of two kinds of fluorescent proteins. Rice egg cells located in a MMG droplet containing pGFP‐ER and pDsRED were PEG‐transfected and fluorescent signals from both fluorescent proteins in cells were observed. Approximately 43% of transfected egg cells showed fluorescent signals. Notably, of 16 fluorescent‐positive cells, 15 showed signals from both SP‐GFP‐HDEL and DsRED (Figure [2](#pld310-fig-0002){ref-type="fig"}e and Table [2](#pld310-tbl-0002){ref-type="table"}). These suggest that two kinds of plasmid DNAs were delivered into the same egg cell via PEG‐Ca^2+^ transfection and functioned in the cell. This tendency, dual expression in one egg cell, would be highly useful to analyze functions of genes of interest in the cells. When egg cells were transfected with two kinds of plasmids, one is harboring the target gene and the other is plasmid DNA of a fluorescent marker, such as pGFP‐ER, pH2B‐GFP, and pRFP, it can be expected that cells showing a fluorescent signal express the gene(s) of interest and the effect of ectopic and/or overexpression of the target gene in egg cells can be monitored in such fluorescent cells.

###### 

Efficiency of PEG‐Ca^2+^ transfection of rice egg cells with dual plasmids

  Plasmid            No. of transfected egg cells   Fluorescent signal   Efficiency (%)            
  ------------------ ------------------------------ -------------------- ---------------- --- ---- -------
  pGFP‐ER + pDsRed   37                             15                   1                0   21   43.2%
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2.3. PEG‐Ca^2+^ transfection of isolated zygotes and subsequent culture of the zygotes {#pld310-sec-0006}
--------------------------------------------------------------------------------------

Although rice zygotes were mechanically isolated from pollinated rice flowers by dissection of pollinated ovaries as described by Abiko et al. ([2013](#pld310-bib-0001){ref-type="ref"}) and subjected to PEG‐Ca^2+^ transfection with pGFP‐ER, no fluorescent signal was detected in the zygotes (Figure [3](#pld310-fig-0003){ref-type="fig"}a and Table [1](#pld310-tbl-0001){ref-type="table"}). Maize zygotes were isolated by treating dissected ovaries with an enzyme mixture of cellulase, macerozyme, and pectolyase as described in Materials and Methods, and subjected to PEG‐Ca^2+^ transfection. In contrast with rice zygotes, PEG‐Ca^2+^ transfection of the maize zygotes with pGFP‐ER resulted in expression of SP‐GFP‐HDEL with high efficiency (Figure [3](#pld310-fig-0003){ref-type="fig"}b and Table [1](#pld310-tbl-0001){ref-type="table"}).

![PEG‐Ca^2+^ transfection of rice (a) and maize (b) zygotes and developmental profile of PEG‐Ca^2+^‐transfected maize zygotes (c--i). (a), Rice zygote was PEG‐Ca^2+^‐transfected with pGFP‐ER and observed with fluorescent microscope. (b), Maize zygote was PEG‐Ca^2+^‐transfected with pGFP‐ER and observed with a fluorescent microscope. (c), Two‐celled maize embryo at 1 day after PEG‐Ca^2+^ transfection. (d), Globular embryo‐like structure at 4 days after PEG‐Ca^2+^ transfection. (e), Cell mass at 6 days after PEG‐Ca^2+^ transfection. (f), White callus at 40 days after PEG‐Ca^2+^ transfection. (g), White callus with green spots at 8 days after transferring into regeneration medium (48 days after PEG‐Ca^2+^ transfection). (h), Regenerated shoots at 13 days after transferring to regeneration medium (53 days after PEG‐Ca^2+^ transfection). (i), Plantlet grown from regenerated shoots (76 days after PEG‐Ca^2+^ transfection). Left, middle, and right panels in (a) represent a fluorescent image, merged image, and bright‐field image, respectively. Top and bottom panels in (b--e) represent fluorescent and merged bright‐field and fluorescent images, respectively. Bars = 20 μm in (a--d), 50 μm in (e), 1 mm in (f and g), 5 mm in (h), and 1 cm in (i)](PLD3-1-e00010-g003){#pld310-fig-0003}

The failure of transient expression in rice zygotes could be explained by the existence of cell walls around the plasma membranes (Kranz, von Wiegen, & Lörz, [1995](#pld310-bib-0027){ref-type="ref"}; Toda, Ohnishi, & Okamoto, [2016](#pld310-bib-0049){ref-type="ref"}; Uchiumi, Uemura, & Okamoto, [2007](#pld310-bib-0051){ref-type="ref"}), as cell walls impede the access of macromolecules to plasma membrane (Antonelli & Stadler, [1989](#pld310-bib-0005){ref-type="ref"}; Armstrong et al., [1990](#pld310-bib-0006){ref-type="ref"}; Crossway et al., [1986](#pld310-bib-0010){ref-type="ref"}; Davey et al., [1980](#pld310-bib-0012){ref-type="ref"}; Krens et al., [1982](#pld310-bib-0028){ref-type="ref"}; Lurquin, [1979](#pld310-bib-0030){ref-type="ref"}; Shillito et al., [1985](#pld310-bib-0045){ref-type="ref"}). In contrast with rice zygotes, maize zygotes were isolated after treatment with cell wall‐degrading enzymes to loosen cell--cell attachments in female gametophyte tissues, and the cell walls of zygotes were partly or mostly degraded during this procedure. Therefore, upon PEG‐Ca^2+^ transfection of maize zygotes, plasmid DNA could access to plasma membrane of zygotes and be delivered into the cells across the plasma membrane, resulting in expression of fluorescent proteins from the delivered plasmid DNA. Transfection efficiency of maize zygotes with pGFP‐ER was much higher than that of rice egg cells (Table [1](#pld310-tbl-0001){ref-type="table"}). This difference may be explained by the high metabolic activity in zygotes after fertilization.

The maize zygotes showing a fluorescent signal were further cultured, and their developmental profiles and fluorescent signals were observed. The signal from SP‐GFP‐HDEL was detectable in a two‐celled embryo (Figure [3](#pld310-fig-0003){ref-type="fig"}c) and in early embryos consisting of \~10--100 cells (Figure [3](#pld310-fig-0003){ref-type="fig"}d,e) until 6 days after transfection. The cell masses further developed into white calli (Figure [3](#pld310-fig-0003){ref-type="fig"}f). Of 15 zygotes showing the transient SP‐GFP‐HDEL signal, 12 zygotes normally developed into white calli (Table [3](#pld310-tbl-0003){ref-type="table"}), suggesting high developmental efficiency. However, no GFP‐derived signal was detected in the calli. The white callus further regenerated shoots (Figure [3](#pld310-fig-0003){ref-type="fig"}g,h) and formed plantlets (Figure [3](#pld310-fig-0003){ref-type="fig"}i). Although the regeneration efficiency was low (Table [3](#pld310-tbl-0003){ref-type="table"}), the present study provided the possibility that PEG‐transfected maize zygotes can develop into mature plants. This low regeneration rate may be due to the trait of B73 inbred line of maize, whose regeneration efficiency is lower than that in other inbred lines such as A188 and H99 (Hodges, Kamo, Imbrie, & Becwar, [1986](#pld310-bib-0018){ref-type="ref"}; Krakowsky et al., [2006](#pld310-bib-0021){ref-type="ref"}). To check whether possible integration of plasmid DNA into genome DNA and subsequent silencing of the integrated DNA occur, genomic PCR was conducted for the DNA sequence of the SP‐GFP‐HDEL plasmid although GFP‐derived signal was not observed in the regenerated plant. The result indicated that no DNA integration occurs in the regenerated plant during zygote culture (Fig. [S1](#pld310-sup-0001){ref-type="supplementary-material"}). However, transformed plants will be produced from PEG‐Ca^2+^‐transfected zygotes when increased numbers of zygotes were PEG‐Ca^2+^‐transfected with plasmid DNA and cultured, as the production of stable transformants by PEG‐Ca^2+^ transfection of somatic protoplasts with exogenously applied DNA has been reported in several plants including rice and maize (Armstrong et al., [1990](#pld310-bib-0006){ref-type="ref"}; Datta, Datta, Soltanifar, Donn, & Potrykus, [1992](#pld310-bib-0011){ref-type="ref"}; Lee et al., [1991](#pld310-bib-0029){ref-type="ref"}; Zhang et al., [1991](#pld310-bib-0058){ref-type="ref"}).

###### 

Developmental profile of PEG‐Ca^2+^‐transfected maize zygotes

  No. of transfected zygotes   No. of zygotes developed into each growth stage                  
  ---------------------------- ------------------------------------------------- ---- ---- ---- ---
  15                           14                                                14   13   12   1
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The present results from PEG‐Ca^2+^ transfection with maize zygotes indicated that transient expression from delivered plasmid DNA in maize zygotes continues for \~6 days at the stage of cell mass and that PEG‐Ca^2+^ treatment of zygotes has little inhibitory effect on the developmental profile of maize zygotes.

3. CONCLUSION {#pld310-sec-0007}
=============

To date, procedures for the isolation of female gametes and/or zygotes from flowers have been reported for a wide range of plant species including maize, rice, wheat, barley, tobacco, and Arabidopsis (reviewed in Kranz, [1999](#pld310-bib-0022){ref-type="ref"} and in Okamoto, [2011](#pld310-bib-0038){ref-type="ref"}). It is likely that the present PEG‐Ca^2+^ transfection system could be applied to most female gametes and zygotes isolated from angiosperms because the cell walls of these isolated egg cells and zygotes are undeveloped or removed during the isolation procedures. The present PEG‐Ca^2+^ transfection system made it possible to deliver plasmid DNA into rice egg cells with 20%--40% efficiency and into maize zygotes with \>70% efficiency. Using this system, molecular approaches for gene functions, such as ectopic expression, overexpression, antisense effect, and RNA interference, can be conducted with the direct use of egg cells and zygotes. For such analyses, genes that were specifically or preferentially expressed in female gametes, zygotes, or early embryos (Abiko et al., [2013](#pld310-bib-0001){ref-type="ref"}; Anderson et al., [2013](#pld310-bib-0004){ref-type="ref"}; Ning et al., [2006](#pld310-bib-0035){ref-type="ref"}; Ohnishi et al., [2011](#pld310-bib-0037){ref-type="ref"}; Sprunck et al., [2005](#pld310-bib-0046){ref-type="ref"}; Steffen et al., [2007](#pld310-bib-0048){ref-type="ref"}; Wang et al., [2010](#pld310-bib-0053){ref-type="ref"}; Wuest et al., [2010](#pld310-bib-0054){ref-type="ref"}; Yang et al., [2006](#pld310-bib-0055){ref-type="ref"}) will be noted, as they will function in reproductive or developmental processes, such as gamete differentiation, gamete fusion, and early zygotic development.

In addition, transient expression induced by PEG‐Ca^2+^ transfection within zygotes would be highly suitable for gene editing applications, as transient expression of CRISPR/Cas9 and guide RNA via plasmid DNA in zygotes/early embryos will provide the opportunity for gene editing during early zygotic embryogenesis, and the PEG‐Ca^2+^‐transfected zygotes can develop normally into mature plants.

4. EXPERIMENTAL PROCEDURES {#pld310-sec-0008}
==========================

4.1. Plant materials, isolation of gametes and zygotes {#pld310-sec-0009}
------------------------------------------------------

*Oryza sativa* L. cv. Nipponbare plants and transformed rice plants expressing the histone H2B‐GFP fusion protein (Abiko et al., [2013](#pld310-bib-0001){ref-type="ref"}) were grown in an environmental chamber (K30‐7248; Koito Industries, Yokohama, Japan) at 26°C under a 13‐hr light/11‐hr dark photoperiod. Rice egg cells were isolated from flowers of these plants as described by Uchiumi et al. ([2006](#pld310-bib-0050){ref-type="ref"}), except for using mannitol solution adjusted to 450 mOsmol/kg H~2~O. *Oryza sativa* L. cv. Yukihikari plants were grown in an environmental chamber (Nippon Medical & Chemical Instruments, Osaka, Japan) at 26°C/24°C under a 12‐hr light/12‐hr dark photoperiod. Rice zygotes were isolated from flowers 4--6 hr after flowering as previously described by Abiko et al. ([2013](#pld310-bib-0001){ref-type="ref"}).

The inbred maize (*Zea mays*) lines A188 and B73 were grown in a glasshouse of Japan Tobacco Inc. (Iwata, Japan). Egg cells were isolated from ears (cv A188) as described previously (Kranz et al., [1991](#pld310-bib-0023){ref-type="ref"}). For zygote isolation, maize ears (cv B73) were harvested and pollinated as previously described (Kranz & Brown, [1992](#pld310-bib-0024){ref-type="ref"}; Kranz & Lörz, [1990](#pld310-bib-0025){ref-type="ref"}). After 22--24 hr of pollination, ovule pieces were dissected and zygote isolation was performed according to Kranz et al. ([1991](#pld310-bib-0023){ref-type="ref"}) except for the use of enzyme solution of 1% cellulase (Worthington Biochemical Co., NJ), 0.3% macerozyme R10 (Yakult, Tokyo, Japan), and 0.05% pectolyase (Wako, Osaka, Japan).

4.2. Vector construction {#pld310-sec-0010}
------------------------

A signal peptide (SP) of *Vigna mung* cysteine endopeptidase, termed SH‐EP (accession no. X51900), was amplified by PCR using TCTAGATGAAGAAGCTCTTGTGGGT and CCATGGCTTGGCCACTCCAAGAAC as primers and SH‐EP cDNA (Akasofu, Yamauchi, & Minamikawa, [1990](#pld310-bib-0002){ref-type="ref"}) as a template. After subcloning the amplified PCR fragment to pGEM‐T Easy vector (Promega, Madison, WI), the vector was cut by XbaI and NcoI and the excised insert was subcloned into the XbaI‐NcoI site of the 35S promoter‐GFP(S65T) plasmid (Chiu et al., [1996](#pld310-bib-0008){ref-type="ref"}) to produce a pSP‐GFP encoding 26‐amino acid signal peptide followed by GFP. Next, a His‐Asp‐Glu‐Leu (HDEL)‐tail was introduced at the carboxy terminus of SP‐GFP to localize the GFP proteins in the ER. Two oligonucleotides (GATGACTCTCATGATGAGCTGTAGAGCTCGC and GGCCGCGAGCTCTACAGCTCATCATGAGAGT) were annealed, and then the annealed oligo was subcloned into the Bsp1407I--NotI site of pSP‐GFP to produce pSP‐GFP‐HDEL. Using the pSP‐GFP‐HDEL as a template, PCR was further conducted with primers (GGATCCATGAAGAAGCTCTTGTGGGT and GAATTCAGCTCTACAGCTCATCATGAGAGT). After subcloning the amplified PCR fragment into pGEM‐T Easy vector, the sequence was verified. The produced vector was further cut with *Bam*HI and *Eco*RI, and the insert was subcloned to the BamHI‐EcoRI site of pmon30049 (Pang et al., [1996](#pld310-bib-0039){ref-type="ref"}). The constructed plasmid vector, termed pGFP‐ER, was used for the expression of SP‐GFP‐HDEL in egg cells and zygotes.

DNA fragment encoding GFP proteins tagged with histone H2B (H2B‐GFP) were amplified by PCR using primers (GGCCTCTAGAGGATCATGGCGAAGGCAGATAAGAA and GAACGATCGGGAATTTTACTTGTACAGCTCGTCCA) and Ubi promoter::H2B‐GFP vector (Abiko et al., [2013](#pld310-bib-0001){ref-type="ref"}) as a template. Using the amplified PCR fragment and a BamHI‐EcoRI‐digested pGFP‐ER vector, pH2B‐GFP was constructed using an In‐Fusion HD Cloning Kit (Takara Bio, Shiga, Japan) according to the manufacturer\'s instructions. After verification of the DNA sequence, the plasmid vector, pH2B‐GFP, was used for the expression of H2B‐GFP.

The 2.0‐kb PmeI‐HpaI fragment, which carried the promoter and the first intron of the ubiquitin gene of maize (Christensen, Sharrock, & Quailet, [1992](#pld310-bib-0009){ref-type="ref"}) from pSB200 (Komori et al., [2004](#pld310-bib-0020){ref-type="ref"}), the 1.7‐kb EcoRV fragment carrying the ccdB cassette for the Gateway system (Invitrogen, Carlsbad, CA) and the 0.3‐kb HpaI‐SgfI fragment possessing the 3′ signal of Nos gene (Depicker, Stachel, Dhaese, Zambryski, & Goodman, [1982](#pld310-bib-0014){ref-type="ref"}) were cloned into the SmaI site of pLC41 (GenBank accession no. [LC215698](LC215698)). The ccdB cassette was replaced with the 0.8‐kb DsRed2 gene from pDsRed2 (Takara Bio) using the Gateway reaction. The 0.2‐kb fragment, which carried the 3′ signal of cauliflower mosaic virus 35S transcript (Odell, Nagy, & Chua, [1985](#pld310-bib-0036){ref-type="ref"}), was amplified by PCR using primers (CAACACTTACGCGATCGCTGAAATCACCAGTCTCTCTCTACAAA and GCTCGGATACCGCGATCGCACTGGATTTTGGTTAGG) and inserted to the AsiSI site behind the Nos 3′ fragment of the resultant plasmid as an additional 3′ signal. Then, the DsRed2 gene cassette was cloned into the pCR‐Blunt II‐TOPO vector using the Zero Blunt TOPO PCR cloning system (Invitrogen). The produced vector, termed pDsRed, was used for the expression of RFP proteins in gametes.

4.3. PEG‐Ca^2+^ transfection of egg cells and zygotes with plasmid DNA {#pld310-sec-0011}
----------------------------------------------------------------------

PEG‐Ca^2+^ transfection using gametes and zygotes was conducted as described by Yoo et al. ([2007](#pld310-bib-0056){ref-type="ref"}) and Zhai et al. ([2009](#pld310-bib-0057){ref-type="ref"}) with major modifications. Four to eight rice egg cells or zygotes isolated from rice flowers were transferred into a 0.5--1.0 μl droplet of mannitol solution (450 mOsmol/kg H~2~O) overlaid with mineral oil on a coverslip. The cells were washed twice by transferring the cells into droplets of MMG solution (4 mM MES‐KOH, pH 5.7, 15 mM MgCl~2~ in mannitol solution of 450 mOsmol/kg H~2~O) on coverslips. The washed cells were transferred into a 1.0 μl droplet of MMG solution containing plasmid DNA (MMG‐DNA), and then 1.0 μl of PEG solution (30% PEG4000 (Sigma‐Aldrich, St. Louis, MO) and 100 mM CaCl~2~ in mannitol solution in 450 mOsmol/kg H~2~O) was merged into the MMG‐DNA droplet where the egg cells were held. Immediately after the droplet merge, the solution in the droplet was gently mixed with a glass capillary for 1 min. After incubation for 5 min, approximately half of the volume of the solution in the mixed droplet was sucked out using a glass capillary connected with manual injector. Next, N6Z culture medium (Uchiumi et al., [2007](#pld310-bib-0051){ref-type="ref"}) or mannitol solution was delivered into a droplet, and after gentle mixing of the droplet, approximately half of the volume of the solution was removed from the droplet. This washing step was repeated four to five times. Then, cells were further washed by transferring the cells into fresh droplets of N6Z medium or mannitol solution three times. Thereafter, as described by Nakajima, Uchiumi, and Okamoto ([2010](#pld310-bib-0033){ref-type="ref"}), the egg cells were cultured in N6Z droplets, in which two to three cell aggregates of rice suspension‐cultured cells were co‐cultured. The rice suspension‐cultured cells (Line Oc) was provided by Riken Bio‐Resource Center, Tsukuba, Japan. The PEG‐Ca^2+^‐transfected zygotes were cultured in a Millicell‐CM insert (Merck Millipore, Darmstadt, Germany) with N6Z medium as described (Uchiumi et al., [2007](#pld310-bib-0051){ref-type="ref"}). Egg cells and zygotes were cultured at 25°C in darkness.

Maize egg cells and zygotes were subjected to PEG‐Ca^2+^ transfection using the same procedures as for rice egg cells, except for the following. Instead of mannitol solution of 450 mOsmol/kg H~2~O, a mannitol solution of 650 mOsmol/kg H~2~O was used in the MMG and PEG solutions. In addition, washing maize zygotes with MMG was conducted on 1.5% solidified Gelrite to prevent the attachment of zygotes to the coverslip, and then, the washed zygotes were PEG‐Ca^2+^‐transfected in the same way as the rice egg cells. After PEG‐Ca^2+^ transfection, maize egg cells or zygotes were cultured in a Millicell‐CM insert (Merck Millipore) with MSO medium as described (Kranz & Lörz, [1993](#pld310-bib-0026){ref-type="ref"}). Egg cells and zygotes were cultured at 25°C in darkness.

4.4. Microscopic observations {#pld310-sec-0012}
-----------------------------

Cells transfected with pGFP‐ER or pH2B‐GFP were observed under a BX‐71 inverted fluorescence microscope (Olympus, Tokyo, Japan) with 460‐ to 490‐nm excitation and 510‐ to 550‐nm emission wavelengths (U‐MWIBA2 mirror unit; Olympus). The fluorescence of DsRed proteins in cells was observed with 520‐ to 550‐nm excitation and \>580‐nm emission wavelengths (U‐MWIG mirror unit; Olympus). Digital images of gametes, zygotes, and their resulting embryos were obtained using a cooled charge‐coupled device camera (Penguin 600CL; Pixera, Los Gatos, CA, USA) and InStudio software (Pixera). In addition to observation with fluorescence microscope, rice egg cells, which were PEG‐transfected with pGFP‐ER, were observed with an LSM 710 CLS microscope (Carl Zeiss, Jena, Germany) with 488‐nm excitation and 505‐ to 530‐nm emission wavelengths.
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